Abstract Plants subjected to increases in the supply of resource(s) limiting growth may allocate more of those resources to existing leaves, increasing photosynthetic capacity, and/or to production of more leaves, increasing whole-plant photosynthesis. The responses of three populations of the alpine willow, Salix glauca, growing along an alpine topographic sequence representing a gradient in soil moisture and organic matter, and thus potential N supply, to N amendments, were measured over two growing seasons, to elucidate patterns of leaf versus shoot photosynthetic responses. Leaf-(foliar N, photosynthesis rates, photosynthetic N-use efficiency) and shoot-(leaf area per shoot, number of leaves per shoot, stem weight, N resorption efficiency) level measurements were made to examine the spatial and temporal variation in these potential responses to increased N availability. The predominant response of the willows to N fertilization was at the shoot-level, by production of greater leaf area per shoot. Greater leaf area occurred due to production of larger leaves in both years of the experiment and to production of more leaves during the second year of fertilization treatment. Significant leaflevel photosynthetic response occurred only during the first year of treatment, and only in the dry meadow population. Variation in photosynthesis rates was related more to variation in stomatal conductance than to foliar N concentration. Stomatal conductance in turn was significantly related to N fertilization. Differences among the populations in photosynthesis, foliar N, leaf production, and responses to N fertilization indicate N availability may be lowest in the dry meadow population, and highest in the ridge population. This result is contrary to the hypothesis that a gradient of plant avail- 
Introduction
In order to translate an increase in the supply of limiting resources into increased growth and reproduction, plants must be able to acquire the resources and allocate them to the processes limiting growth, principally photosynthesis. Several factors influence the capacity of plants to respond to variation in soil nutrient supply and successfully compete with other plants and soil microorganisms for those resources. These include the ability of the plant to sequester soil nutrients, by increasing root growth and/or by increasing the kinetics of root nutrient uptake (Clarkson 1985) , and developmental limitations, which control the degree to which increased growth can occur.
Whole-plant photosynthesis and growth may be increased by both greater photosynthetic capacity at the leaf level and production of more photosynthetic tissue. Photosynthetic capacity of a leaf can be increased by increased allocation of N to the photosynthetic apparatus (Field and Mooney 1986; Evans 1989) . Foliar N concentrations may be regulated such that photosynthetic carbon gain is optimal under different combinations of temperature, water availability, light availability, and the partial pressure of CO2 (Mooney and Gulmon 1979; Field 1983; Hilbert et al. 1991; Gleeson 1993) . High light environments and abundant water availability should favor higher photosynthetic capacities and growth rates and therefore higher leaf N concentration. However, other ecological factors may be important in determining optimal allocation of N to leaves and thus plant response to increased soil nutrient availability. The benefits accrued from higher photosynthetic capacity due to increases in leaf N may be offset by increases in herbivory (Mooney and Gulmon 1982) , since leaf N is also an important determinant of forage quality for herbivores (Mattson 1981) . Some plant secondary compounds used to deter herbivores contain N, and represent a plant pool which competes with photosynthesis for available N (Coley et al. 1985; Mooney and Gulmon 1982) .
Production of more photosynthetic tissue of the same quality (~leaf N concentration) may increase wholeplant photosynthesis, but also increases self shading. The relative growth rates of plants have been shown to correlate more strongly with biomass allocation to leaves than with increasing photosynthesis rates on a leaf area basis (Poorter 1989) . Increases in leaf production may be limited in perennial plants by the number of preformed primordia in buds, which is often determined during the previous growing season (Kozlowski 1964; Kramer and Kozlowski 1979) . There may be additional constraints on the responses of plants to increased nutrients associated with climate. Patterns of plant growth in alpine ecosystems may reflect the limitations by the relatively harsh environment, including low air and soil temperatures, high winds, and periodic drought, all of which may promote a slow growth strategy and small size for alpine tundra plants ( K6rner and Larcher 1988) .
N availability exerts a strong constraint on alpine plant growth (Bowman et al. 1993 ). Gradients of resource availability and primary production exist across relatively short topographic gradients in alpine tundra, as a result of the interaction between slope exposure and wind (Billings 1988) . Differences in snow accumulation, wind velocities, and solar insolation result in differences in soil moisture, soil nutrient pools, and length of the growing season (May and Webber 1982; Isard and Belding 1989; Bowman 1992) , which subsequently affect plant production (May and Webber 1982; Bowman et al. 1993; Walker et al. 1994) . Thus variation in the environmental factors that may regulate leaf N concentration, photosynthesis, and responsiveness to N fertilization exist across topographic gradients in alpine tundra. The goal of this research was to examine the patterns of response to N fertilization in populations of the alpine willow Salix glauca L., an erect deciduous shrub. Salix glauca has a well defined shoot structure, and occurs in several distinct environments in alpine tundra, making it a suitable choice for the study of photosynthetic and shoot growth responses to N fertilization.
Materials and methods
The study was carried out on Niwot Ridge in the Front Range of the Colorado Rocky Mountains (40 ~ 03' N, 105 ~ 35' W ulations represent gradients of soil moisture, community primary production, soil organic matter, and wind exposure, with the highest soil moisture, production, and soil organic matter in the wet meadow population (May and Webber 1982; Burns 1980) . The ridge population has the highest wind velocities, and lowest community production, soil organic matter, and soil moisture. Although snow cover differs among the populations, with the highest in the wet meadow population and the lowest in the ridge population, phenologies of the populations are the same, and thus leaf longevity does not differ among the populations.
Five S. glauca shrubs in each of the populations were fertilized with N in early June, prior to bud break, in both 1990 and 1991 using slow-release urea-N (40-04)) osmocote pellets (Sierra Chemical, Milpitas CA, USA). The fertilizer pellets were applied at 125 g m -2 for each treatment shrub. Sample pellets were collected at the end of the growing season from each population, and along with unused pellets, were weighed and analyzed for N concentration, to estimate soil N inputs. The range for N input in all populations during both years was 23 to 27 g m 2 year 1, with no significant differences among populations. This application rate provided an excess of soil N availability in a previous study in alpine tundra (Bowman et al. 1993) . Five adjacent S. glauca shrubs upslope from the treatment shrubs were chosen to serve as controls.
Shoot photosynthesis measurements were made within 2 weeks after full leaf expansion, in mid-July of 1990 and 1991. Net CO 2 uptake and stomatal conductance were measured on three non-reproductive shoots from each of the treatment and control shrubs using a Li-Cor LI-6200 gas exchange system (Lincoln NE, USA). Measurements were made on shoots with 2 or 3 leaves in full sun (1800 to 2200 gmol photons m -2 s -1 photosynthetically active radiation) between 1000 and 1300 hours MDT. Leaf temperatures ranged from 15 to 20 ~ C. The leaves measured for photosynthesis were harvested and analyzed for N using a Lachat colorimetric analyzer (Mequon WI, USA) as described in Bowman et al. (1993) . Leaf N concentrations were also measured following leaf senescence in October, 1991, for calculation of nitrogen-use efficiencies (below). Resorption efficiency of N from leaves was calculated as:
(peak season leaf N-senescent leaf N / peak season leaf N) • 100 (%)
Shoot production was measured in late-July of 1990 and 1991. Five representative shoots from each of the willows were harvested, and the leaves and current years' stem were separated. Leaf number and area for each shoot were recorded, and leaves and stems were weighed after oven drying at 70 ~ C for 48 hours.
Nitrogen-use efficiency (NUE) for shoots, an indication of shoot production for a given investment of "new" N per year (Vitousek 1982) , was calculated as the sum of the stem and leaf production divided by senescent leaf N concentration. Since leaf longevity does not differ among the populations this index of NUE is similar to the one presented by Berendse and Aerts (1987) . Photosynthetic N-use efficiency (PNUE) was calculated as the photosynthetic rate divided by leaf nitrogen concentration on a leaf area basis.(mol m-2).
The data were analyzed statistically using two-way Model I analyses of variance after testing for normality of the data set. The biomass data were log transformed to normalize their distributions. The N treatment and population were treated as class variables. Tukey's multiple-range test was used when a significant ANOVA result occurred to determine significant differences among means within a year. Unless otherwise noted statistically significant results were at the P < 0.05 level. 
Results
Maximum air temperatures during the growing seasons (mid-June to late August for S. glauca) of 1990 and 1991 ranged from 5 to 22 ~ C, while minimum air temperatures ranged from -2 to 9 ~ C (Fig. 1) . Precipitation was highest in July of both years, with greater seasonal rainfall in 1990. However there was a relatively warm, dry 2-week period in late June of 1990, when no precipitation fell and maximum air temperatures were 18 to 22 ~ C. To assess whether there were differences in soil water availability in the rooting zones of the shrubs during this period, dawn xylem pressure potentials were measured for all the shrubs on July 3, 1990, using a pressure chamber. The wet meadow population had significantly higher mean water potential (-0.42__0.3 MPa, n = 10, P<0.05, ANOVA) than the other populations (-0.60_+0.2 and -0.59+0.3 MPa for the dry meadow and ridge populations respectively), indicating higher soil water availability in the wet meadow population, presumably the result of greater inputs of moisture from snowmelt from an adjacent snowfield. While these differences in soil moisture of the rooting zones are relatively small, there may have been greater differences in soil moisture in surface layers, potentially influencing N mineralization rates. There were significant treatment (P < 0.001) and population (P<0.001) effects on photosynthesis rates in Table 1 ). The N treatment effect was significant only in the dry meadow population (population x treatment interaction P < 0.01), where photosynthetic rates were 40% greater in N fertilized shrubs than in control shrubs. Photosynthesis rates were lower in the wet meadow population relative to the dry meadow and ridge populations in 1990. There were no significant treatment or population effects on photosynthesis rates in 1991. Foliar N was significantly related to population (P<0.01), but not to the N treatment in 1990 (Table 2) . There was however a significant treatment x population interaction, with higher foliar N concentrations in N fertilized shrubs in the dry meadow population. The ridge population had a higher mean N concentration than the dry meadow population in 1990. In 1991 there was a significant N treatment effect at the P--0.05 level, with higher foliar N concentrations in the N fertilized shrubs (3.21 versus 3.05% for the combined populations). There were no differences among populations in foliar N concentrations in 1991.
Leaf area and leaf dry weight per shoot were both significantly related to N treatment and population in both 1990 and 1991 ( Fig. 2a and b) . Fertilization with N resulted in greater leaf area and leaf dry weight per shoot. Both these parameters were higher in the ridge population in 1990, while in 1991 the ridge population had higher leaf area and leaf dry weight per shoot relative to the wet meadow population only. N fertilization resulted in a greater numbers of leaves produced per shoot in 1991 (P<0.001, Fig. 2c ) but not in 1990. Population and N treatment had similar influences on stem dry weight as on leaf area and leaf dry weight per shoot, with higher stem mass in the N treated plants and in the ridge population (Fig. 2d) . Specific leaf area (cm 2 g i leaf dry weight), an indicator of leaf thickness, did not vary significantly among the populations nor with N fertilization in 1990. In 1991 N fertilization resulted in a 13% decrease in specific leaf area for the populations analyzed collectively (P < 0.01), but there were no differences among the populations nor in the response of the populations to N fertilization (data not shown). Both N treatment and population had significant effects on PNUE in 1990 (Table 3) . PNUE was higher in the N fertilized plants (P<0.01), and lower in the wet meadow plants relative to the other populations (P<0.001). The N treatment effect was significant for PNUE of the wet and dry meadow populations, but not for the ridge population. Population and the N treatment were not significant sources of variation for PNUE in 1991. NUE was significantly lower in the ridge population in 1991 (P<0.001 Fig. 3a) principally the result of lower N resorption efficiency during senescence (P <0.001, Fig. 3b ). The nitrogen treatment had no effect on N resorption efficiency or on senescent leaf N concentration.
Discussion
The temporal patterns of leaf-and shoot-level responses to N fertilization in Salix glauca were similar to the hypothesized patterns expected for a species with predetermined numbers of leaf primordia. During the first year the expected response was primarily at the leaf-level (photosynthesis and fo!iar N), while during the second year the main response was expected at the shoot level (leaf area and number of leaves). At the leaf-level, photosynthesis responded to the N treatment in 1990, principally in the dry meadow population, in concert with an increase in foliar N in this population. Increases in leaf N and photosynthetic capacity are common responses to N fertilization (e.g. Field et al. 1983; Lajtha and Whitford 1989) , and has been reported in other, but not all alpine species examined (Bowman et al. 1993) .
The response to N fertilization during the first year was not limited to leaf-level responses. Leaf area per shoot increased in response to fertilization in 1990 without an increase in the number of leaves per shoot, and thus resulted from production of larger leaves. This is consistent with the hypothesis that alpine plant response to increased resource availability is in part linked to a limitation of available leaf primordia. However this constraint does not entirely limit the capacity of the plant to increase photosynthetic area during the current growing season, since plants responded to increased N availability by producing larger leaves. In general alpine plants are thought to be under strong developmental control, with size of organs determined by cell number, rather than cell size (K6rner and Menendez-Riedl 1989). During 1990 the increase in leaf area per shoot may have resulted in a 14 to 33% increase in whole plant photosynthesis, excluding changes in leaf photosynthetic capacity and self-shading.
During the second year of sustained fertilization plant response was primarily, but not exclusively, at the shoot-level. Greater leaf area per shoot resulted from greater numbers of leaves per shoot, and production of leaves with greater area. Without changes in photosynthetic capacity or self-shading, whole canopy photosynthesis would have increased 18 to 30% as a result of greater leaf area. While leaf N concentrations increased significantly in response to N fertilization, photosynthesis rates did not. Thus the predominant plant response to N fertilization in both treatment years was an increase in photosynthetic area, rather than production of higher quality leaves with higher photosynthetic capacities. This is consistent with potential growth rate varying more as a function of biomass allocation to leaves than with photosynthesis rates (Poorter 1989) .
Photosynthetic nitrogen-use efficiency responded positively to N fertilization in 1990. This result is unexpected, since plants typically respond to N fertilization with luxury uptake, i.e. allocating and increased proportion of foliar N to storage (Chapin 1980) , and a higher proportion of leaf N in inorganic form (Freijsen and Veen 1989) , resulting in a decrease in PNUE. Thus photosynthesis rates increased more than can be explained by the increase in foliar N under N enriched conditions. While photosynthesis was positively correlated with leaf N (r2=0.12, P<0.01, 1990 and 1991 data combined, Fig. 4a ) there was a stronger correlation with stomatal conductance (r 2 = 0.37, P < 0.001, Fig. 4b ). Specific leaf area also responded to N fertilization in 1991, and has been shown to influence photosynthesis and growth rate (Dijkstra 1989; Fichtner and Schulze 1992) . However there was no correlation between photosynthesis and specific leaf area. Stomatal conductance was significantly affected by the N fertilization treatment in both years of the experiment (ANOVA, P<0.001, F = 8.64, df= 1 in 1990, P<0.05, F= 5.33, df= 1 in 1991) , suggesting that soil N status has a direct effect on stomatal conductance and thus photosynthesis, independent of an effect on leaf N concentration. Such a link has been described by Radin et al. (1982) and , and is thought to be mediated by hormonal signals from roots to leaves. Higher transpiration rates, and thus higher soil water use would result from higher stomatal conductance, potentially increasing capture of N (Eissenstadt and Caldwell 1988) . This response would be advantageous in exploiting pulses of soil nutrient supply in a competitive, nutrient-limited system with periodic soil droughts, such as alpine tundra.
Growth-based NUE (i.e. based on investment of N to shoot production) typically decreases with an increase in N supply, as a consequence of lower PNUE and N resorption efficiency (Birk and Vitousek 1986; Lajtha and Klein 1988; Aerts and DeCaluwe 1989) . PNUE and NUE were not influenced by N fertilization in S. glauca during 1991, indicating proportional allocation of foliar N to storage and photosynthesis during the growing season, and the same N resorption efficiency in both fertilized and control shrubs. Resorption efficiency appears to be independent of nutrient status of the plant and soil (Chapin and Kedrowski 1983; Lajtha 1987; Chapin and Shaver 1989) , and is instead related more to leaf longevity and source-sink relationships (Chapin and Kedrowski 1983; del Arco et al. 1991; Chapin and Moilanen 1991) . N resorption efficiency in S. glauca however did not correlate with longevity, which is the same in all populations, nor with the ratio of leaf dry weight to stem dry weight; an indicator of the sourcesink relation.
The response to N fertilization among the populations was most pronounced in the dry meadow population (significantly greater changes in photosynthesis, foliar N, stem dry weight). If background soil N supply were the principle factor determining the magnitude of the response to N fertilization, then the greatest response was expected in the ridge population, which has the driest soils and lowest soil organic matter (lowest N reservoir). An intermediate response to N fertilization was expected in the dry meadow population, and the lowest response in the wet meadow population, which has the wettest soils, highest soil organic matter content, and potentially receives a considerable amount of N during snowmelt (Burns 1980; Bowman 1992) . Alternatively the greatest response might have been expected from the population in the most nutrient rich site and the lowest in the most nutrient poor, given the hypothetical constraints imposed by a conservative nutrientuse strategy of plants in nutrient poor soils (Chapin 1980) . There were significant differences among the populations in photosynthesis rates, stem dry weight, leaf area per shoot, and NUE. Variations in these parameters did not follow the known snow, soil moisture, and soil organic matter gradients and proposed N availability gradient. The ridge population had higher foliar N concentrations and photosynthesis rates in 1990, higher leaf area per shoot in both years, and lower NUE in 1991. These results are suggestive of higher N supply to the ridge population, assuming there is genetic homogeneity among the populations for characters regulating the response to increased N supply. Greater stem mass would provide greater mechanical strength to shrubs of the ridge population, which are exposed to higher wind velocities than the other populations, particularly in the winter when snow cover on the ridge tops is minimal ( < 0.2 m). Competition for nutrients should be lower in the fellfield tundra surrounding the willows in the ridge population, since both above-and belowground biomasses are lower than the other populations (May and Webber 1982) . Dry deposition of N, which makes up at least half of bulk N deposition on Niwot Ridge (Sievering et al. 1992) , may be higher in the ridge population as a result of higher wind velocities. Thus, although potential N supply to plants from the soil organic pool is higher in the wet meadow population, actual supply to plants may be higher in the ridge population, as a result of lower competition and higher deposition.
In summary, S. glauca responded to an increase in N availability primarily at the shoot-level, by increasing leaf area per shoot, rather than by increasing leaf photosynthetic capacity. The response varied according to population, with significant leaf-level photosynthetic responses occurring only in the dry meadow population, and only during the first year of treatment. Stomatal conductance increased in response to the N fertilization treatment, potentially increasing capture of soil N, and resulted in an increase in PNUE during the first year of fertilization. Growth-based NUE, however, was not related to the N fertilization treatment, but instead varied more according to population, with the lowest NUE and N resorption efficiency in the ridge population. This result, along with the patterns of variation in foliar N, photosynthesis, and leaf production among the populations, indicate N supply along the topographic/snow gradient does not necessarily follow a soil moisture or organic matter gradient.
